T HE ISOLATED short-circuited rumen epithelium provides a useful preparation for the study of factors affecting volatile fatty acid (VFA) absorption from the ruminant forestomach (I 2). The metabolism of these fatty acids by the epithelium has been shown to be an important factor determining the relative rates of fatty acid transport in the in vitro system. The question remains as to how far this also applies to in vivo transport.
In the previous study the solutions used to bathe the lumen surface of the isolated tissue differed from normal rumen contents in three important characteristics. The Krebs-bicarbonate-Ringer solutions were gassed with 5 % CO2-95 % 02 while rumen contents are in equilibrium with a gas containing over 50 % COZ. The remainder of the rumen gas is primarily CH, and essentially free of OZ. Both the high PCO~ and low Poq could affect the metabolism and transport of VFA by the tissue. Also, the in vitro studies were conducted with one fatty acid at a time while rumen contents contain a mixture of acetate, propionate, and butyrate. The presence of all three fatty acids could, for example, result in a competition for enzyme systems.
A third major difference was the intentional short circuiting of the electrical potential difference across the isolated rumen epithelium.
The potential difference between bovine rumen contents and blood averages about 30 mv (blood positive to lumen) (3) and could have an important effect on the transport of dissociated fatty acid. In the%present study, fatty acid transport was measured under conditions more closely approximating those found in vivo to determine the effect of the above factors and to allow some comparison with results obtained by other methods.
METHODS
The method of tissue collection and general experimental procedures have been described (I 2). A section of the ventral sac or caudodorsal blind sac of the rumen was removed and the epithelium was dissected free of muscle. The tissue was then divided into two or three samples. Two of the samples were each placed between a set of chambers for the measurement of VFA transport and metabolism and the determination of the electrical characteristics of the tissue. A third sample of tissue was usually bathed in VFA-free Ringer solution as a control. The basic solution was Krebs-bicarbonate-Ringer containing, per liter, 20,000 units penicillin G, I mg streptomycin Sob, and I 1.6 mmoles glucose. The solution bathing the blood-facing surface of the tissue was buffered at pH 7.4 with bicarbonate and gassed with 5 % COZg5 % 02. The solution bathing the lumen surface of the tissue was also buffered with bicarbonate either at pH 7.4 or 6.4. The lower pH was obtained either by raising the percentage of CO2 in the gas mixture or decreasing the amount of NaHC03 in the lumen bath and gassing with IO % COz-go % N2. The pH of the solution was Sodium salts of the fatty acids were added to the lumen bath in replacement of NaCl to maintain a constant osmolarity.
Generally each side of the tissue was bathed with 15 ml of solution but larger volumes were required in the lumen bath when its pH was lowered to 6.4. This was necessary to provide a relatively constant concentration of fatty acid in the lumen bath during the experiment and, when low bicarbonate concentrations were used, to compensate for the lowered buffering capacity. Therefore, a total volume of 160 ml was added when the lumen bath was gassed with 65 % CO2 and 235 ml was added when the lumen bath contained low NaHC03 levels.
The transepithelial electrical potential difference was measured at the beginning, middle, and end of the experimental period. During the remainder of the experiment the electrical potential was maintained at o, 30, or 40 mv (blood side positive to lumen) by the application of current from an external source. Experiments were conducted over a 2.5-hr period at a temperature of 3g C. Total fatty acid was measured as titratable volatile acid, following steam distillation using a Markham still. The relative amounts of acetate, propionate, sand butyrate were determined by gas chromatography (7). Ketone body determinations were made by the method of Procos (8) and creatinine was used as a volume marker to measure quantities of the above substances in the bathing solutions at completion of the experiment. The disappearance of individual fatty acids from the lumen bath could not be measured with satisfactory accuracy when the bath contained mixtures of all three fatty acids. This was due to the combined error of measuring the disappearance of total VFA from highly concentrated solutions and measuring small changes in the percentage of the individual acid present at the beginning and end of the experiment.
The epithelial lining was stripped from the underlying muscle of ruminoreticulum and omasum of four heifers. This was dried at 80 C to a constant weight to provide a basis of comparison between in vivo and in vitro conditions.
RESULTS
In an earlier study, it was found that small amounts of steam-volatile fatty acid appeared in solutions, initially free of fatty acids, used to bathe the tissues. Also, the amount of volatile acid recovered from the bathing solution and tissue at the end of 2.5 hr appeared to be greater than the amount which could be extracted from a sample of the same tissue immediately following its collection from the animal. Therefore, the experiments with VFA-free solutions were repeated with and without glucose in the tissue bath and these solutions were then analyzed for total VFA and VFA composition at the end of the experimental period. No significant difference was found between the total VFA content of the bathing solutions containing glucose and those free of glucose. Chromatographic analysis showed that the VFA in these solutions was almost entirely acetate. Therefore, controls were run on a third sample of each tissue during the following experiments.
Results were then corrected for (Table   I ).
The amount of ketone bodies found in the bathing solutions at the end of the VFA-mixture experiments varied and values could not be obtained from the paired noted above, the experiments the three fatty acids at pH 6.4 port but the differences the lumen bath initially were not contained absorbed. This is in general agreement with previous studies of the individual fatty acids and can be explained by I) accumulation of VFA within the tissue, 2) ketone bodies in the tissue and bathing solutions, and 3) a high degree of acetate and propionate oxidation to products
Because of the effects using a 60-20-15 ratio of --were repeated with the lumen bath containing a low Pco2 and high Po2. In these experiments the lumen bath contained 2.48 mM NaHC03 and was adjusted to pH 6.4 by gassing with a IO % CO2-90 % 02 mixture.
The results of these experiments, given in Table 3 , show that the transother than ketone bodies (I 2). Presence of the other two fatty acids showed no consistent effect on the tra nsport of either acetate or bu- port of fatty acids was not greatly changed by the change in gas mixture. The three fatty acids were again found on the blood side in approximately the same percentage composition present in the lumen bath, although propionate again seemed to comprise a greater percentage of the total VFA on the blood side. It was also noted that the transport of all three fatty acids was consistently less when a 3o-mv electrical potential difference was established across the tissue.
Ketone body concentrations were much higher in these experiments than in those in which the lumen bath was gassed with 65 % CO2-35 % Na, and the short-circuit current and tissue resistance were also consistently higher. The corresponding range of mean values was 63-100 parnp and 33-50 ohms.
The effect of independently varying the partial pressure of 02 and CO2 in the lumen bath was next examined in an attempt to determine the reason for the difference in tissue electrical characteristics noted in the two previous experimental series. As a basis for comparison With an identical Ringer solution bathing both surfaces of the tissue the short-circuit current should be directly proportional to the net active transport of ions across the tissue. The slow, almost linear decrement in this current, seen in Fig. I , agrees with the results described in an earlier study of the relationship between short-circuit current and the active transport of Na and Cl (I I). The relatively constant tissue resistance throughout the experimental period was also noted in that study. (Fig.  2) . There was no apparent difference in tissue resistance under these different conditions. The effect of varying the POT and PCO~ of the lumen bath was then examined in a limited number of experiments in which one tissue sample of each pair was subjected to a lumen bath of normal Ringer solution and the other sample to a lumen bath containing the VFA mixture. The results of two such experiments are given in Figs. 3 and 4. A marked drop in short-circuit current always followed the complete removal of 02 from the gas mixture supplied to the lumen bath, even when the Pcoz and pH of the lumen bath were held constant (Fig. 3) and there was no evidence that the current was further affected by a subsequent increase in Pcoz and decrease in pH. Decreasing the 02 content of the gas mixture from g5 to 40 % also resulted in a decrease in short-circuit current (Fig. 4 ). When this was followed by complete removal of 02 , accompanied by the increased Pco2 and decrease in pH as before, no further effect was evident on the tissue bathed with the VFA mixture. (Fig. I) increases the difficulty of interpreting the effect of serial changes in gas mixture; however, it can be seen that the current returned to the expected levels when the lumen bath was again gassed with this mixture at the end of these experiments.
A decreased tissue resistance was often associated with the increase in Pcoz but this was neither marked nor consistent.
Eject of electrical and chemical potential di$erences on acetate transport. The results of applying the so-mv electrical potent+ suggested that the tissue was relatively impermeable to the fatty acid anions. Therefore, this effect was further examined by studying the absorption and transport of acetate at a lumen-bath pH of 7. Dry weight of forestomach epithelium. The total dry weight of the forestomach epithelium from four heifers is given in Table 5 . The dry weight of the ruminoreticulum is also given, with the weight of the omasum representing the difference between these two sets of values. The epithelial weight appeared to correlate with body weight and therefore was expressed in grams per IOO kg body wt. The epithelium of the ruminoreticulum accounted for about 65 % of the total dry weight of forestomach epithelium, which agrees quite closely with the percentage obtained by measuring the total wet weight of bovine forestomach tissue ( I ).
where the subscripts L and B denote the lumen and blood sides of the tissue. This equation does not represent the only determinant factors involved in the passive transport of a substance, such as acetate, which is metabolized by the tissue. However, it does provide a basis for comparison of the effect of electrical and chemical transepithelial difference.
Two combinations of chemical and electrical potential were tested. The tissue was collected in a, 3-mM acetateRinger solution and remained in this solution 15 min to allow its saturation at this level of acetate. After being placed in the chambers, the blood side of the tissue was bathed with the 3-mM acetate-Ringer solution and the lumen side of the tissue was bathed with either this same solution or a solution containing 15.4 rnM acetate. These procedures resulted in fairly stable chemical gradients between the bathing solutions during the experimental period.
DISCUSSION
When the lumen bath contained an equimolar mixture of the three fatty acids, at pH 7.4, they were transported across the tissue in the order of acetate > propionate s butyrate. This may be the expected order of tissue permeability to the anions, on the basis of their molecular weights. However, it is also the inverse order of their rate of metabolism by the tissue under these conditions, which appears to be the more important factor governing their relative rate of transport (I 2). The presence of all three fatty acids in the lumen bath affected the transport of individual fatty acids. Propionate transport was increased in the presence of acetate and butyrate, perhaps as a result of decreased propionate metabolism by the tissue. The conversion of butyrate to acetate could also affect the amounts of acetate transported when both fatty acids were present. The lack of evidence for this in the present study could be explained by the fact that most of the converted acetate was found in the lumen bath and also by the apparent increase in acetate metabolism in the presence of propionate.
Conversion of butyrate
to acetate has been demonstrated both in rumen contents (2, 4, 5) and by rumen epithelium
The results of these experiments, given in [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] % of the available fatty acid. Also it has been estimated that about 5 moles of VFA appeared in the portal vein blood of a 6o-kg sheep/day (2, I 0). Therefore VFA transport across the isolated rumen epithelium appears to be lower than that expected in vivo.
Ketone-body production, short-circuit current, and tissue resistance were markedly reduced when the lumen bath was gassed with 65 % CO2--35 % N2 at a pH of 6.4. This was not due to the pH of the lumen bath since gassing with 5 % CO2--g5 % 02, at the same pH, increased all of these values. The decrease in short-circuit current was reproduced by partial or complete removal of 02 from the gas supplied to the lumen bath. Since this was true even with the tissue bathed on both sides with an identical Ringer solution it indicated that an active transport of ions was affected. An increase in lumen bath C. E. STEVENS AND B. K. STETTLER Pco2, with an associated decrease in pH, showed little evidence of producing any effects on the short-circuit current beyond that noted with partial or complete removal of 02. Therefore the decreased current seen with the 65 % CO2-35 % N2 gassing could be explained entirely by the absence of 02 from the lumen bath. Tissue resistance may have decreased with increased Pco2 but it was not possible to reproduce the consistently lower resistance associated with the use of 65 % CO2--35 % N2.
Anoxia, produced by gassing bathing solutiona on both sides of the tissue with 5 % CO2-95 % N2, almost completely inhibits ketone-body production ( I 2). Therefore the above decrease in ketone-body production and the associated inhibition of active transport mechanisms could have been due to tissue hypoxia. Although* 02 is supplied entirely by the blood in vivo, the capillaries are adjacent to the basal membrane of the epithelium, whereas a layer of submucosa separates the isolated epithelium from the solution 'on its blood-facing surface. This separation is especially great in the case of papillae epithelium.
Although it seems very likely that the difference in the Po2 of the lumen bath under the two conditions explains the difference in ketone-body metabolism and shortcircuit current, it is not obvious which of these conditions is the more physiological.
Roe, Bergman, and Kon (IO) found a molar ratio of. about o. IO between the ketone bodies and VFA of portal vein blood in the sheep. This ratio falls between the ratios found on the blood side in the present study, which were 0.04 when the lumen bath was gassed with 65 % CO2-35 % N2 and 0.18 when the lumen bath was gassed with 5 % CO235 % N2.
Substitution of the Na salts of a VFA mixture for a major part of the NaCl in the lumen bath appeared to depress the short-circuit current recorded during the early part of the experimental period and there was evidence that butyrate may have been responsible for this. However, the short-circuit current registered with dissimilar concentrations of VFA anion and Cl in the two bathing solutions could result from passive as well as active transport of these ions. Therefore, it would be useless to speculate on possible reasons for the differences seen.
The addition of a transepithelial electrical potential to a chemical potential of the same sign did not increase and may have decreased VFA transport (Tables 2-4 ). This did not appear to be due to a change in VFA metabolism to ketone bodies or due to any effects of the applied current on tissue permeability.
In the study of acetate transport the chemical potential difference used for comparison was determined from the acetate concentrations in the two bathing solutions, whereas the chemical potential eventually responsible for acetate transport across the tissue would be that between cell contents and the solution, bathing the blood side of the tissue. However, if only passive transport is involved, the concentration of acetate within the cell should never have been greater than that in the lumen bath. Therefore, if the transport of acetate anion across the tissue depends only on its electrochemical gradient, the isolated rumen epithelium is relatively impermeable to this anion. If acetate is transported primarily in its undissociated form, a decrease in lumen bath pH should result in a marked increase in transport.
In the present study the change from a 1 umen bath solution containi ng 30 rnM acetate at pH 7.4 (Table I) to 60 mM at pH 6.4 (Table 3 ) resulted in about a 2o-fold increase in the concentration of undissociated acid in the lumen bath. This was associated with a threefold increase in the amount of acetate
